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Abstract 9 
Air pollution exposure to in-pram babies poses a serious threat to their early childhood 10 
development, necessitating a need for effective mitigation measures. We reviewed the 11 
scientific and grey literature on in-pram babies and their personal exposure to traffic 12 
generated air pollutants such as particulate matter ≤10 µm (PM10), ≤2.5 µm (PM2.5), ≤0.10 13 
µm (ultrafine particles), black carbon and nitrogen oxides and potential mitigation pathways. 14 
In-pram babies can be exposed up to ~60% higher average concentrations of pollutants such 15 
as PM2.5, nitrogen dioxide and ultrafine particles compared with adults. The air within the first 16 
few meters above the road level is usually most polluted. Therefore, we classified various 17 
pram types based on criteria such as height, width and the seating capacity (single versus twin) 18 
and assessed the breathing heights of sitting babies in various pram types available in the 19 
market. This classification revealed the pram widths between 0.56 and 0.82 m and top handle 20 
heights up to ~1.25 m as opposed to breathing height between 0.55 and 0.85 m, suggesting 21 
that the concentration within the first meter above the road level is critical for exposure to in-22 
pram babies. The assessment of flow features around the prams suggests that meteorological 23 
conditions (e.g., wind speed and direction) and traffic-produced turbulence affect the 24 
pollution dispersion around them. A survey of the physicochemical properties of particles 25 
from roadside environment demonstrated the dominance of toxic metals that have been 26 
shown to damage their frontal lobe as well as cognition and brain development when inhaled 27 
by in-pram babies. We then critically assessed a wide range of active and passive exposure 28 
mitigation strategies, including a passive control at the receptor such as the enhanced 29 
filtration around the breathing zone and protection of prams via covers. Technological 30 
solutions such as creating a clean air zone around the breathing area can provide instant 31 
solutions. However, a holistic approach involving a mix of innovative technological solutions, 32 
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community empowerment and exposure-centric policies are needed to help limit personal 33 
exposure of in-pram babies.  34 
Keywords: Active filtration; Baby pram; Passive control; Ultrafine particles; Particulate 35 
matter exposure 36 
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CI 
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LEZ 
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1. Introduction  38 
A wide range of scientific literature signifies the negative effects of air pollution 39 
exposure on the health of babies (Bates, 1995; Giles et al., 2011; Harrison and Yin, 2000; 40 
Heal et al., 2012; Janssen et al., 2012; Lim et al., 2013; Morgan et al., 1997; Sydbom et al., 41 
2001; Watt et al., 1995; World Health Organization, 2005, 2011).  Young children are more 42 
vulnerable to the health effects of traffic-related air pollution (TRAP) such as particulate 43 
matter ≤10 µm (PM10), ≤2.5 µm (PM2.5) and nitrogen oxides (NOx). Positive correlations are 44 
reported between the elevated risk of acute lower respiratory tract infections and asthma in 45 
young children and their measured levels (Iskandar et al., 2011; World Health Organization, 46 
2011). UNICEF (2017) revealed that almost 17 million children less than 1 year old live in 47 
highly affected regions of the world where air pollution levels exceed World Health 48 
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Organisation recommended values of PM2.5 by at least six times. Of which, approximately 12 49 
million affected babies are from South Asia (UNICEF, 2017). Young children, especially 50 
those from the poor socio-economic background, are most vulnerable to the impacts of toxic 51 
air pollutants (Mehta et al., 2014; Perera, 2017).   52 
 The terms baby and infant are synonyms and usually refer to those below 1 year old 53 
(FarlexInc., 2003; MediLexicon, 2018) while the toddlers are those between 1 and 3 years 54 
(CDC, 2017). In this review, we refer young children to both the above categories. 55 
Furthermore, the terms pram, buggy and stroller are used interchangeably and a detailed 56 
classification of these is provided in Section 2. Here, our focus remains on ultrafine particles 57 
(UFPs), PM2.5, PM10 and NOx emissions exposure to in-pram babies. These pollutants are 58 
considered because of their greatest impact on the health of young children (Iskandar et al., 59 
2011). PMx and NO2 are focus of this work since these are commonly seen as the most 60 
harmful air pollutants due to their high concentrations and negative health impacts (Heal et 61 
al., 2012; Sunyer et al., 2015). For example, the long-term health impacts of PM 62 
concentrations is quantified in the range of 340,000 life years lost in the UK whereas short-63 
term exposure to NO2 is linked with inflammation of the airways and greater vulnerability to 64 
respiratory infections and to allergens. It worsens symptoms of lung or heart conditions by 65 
reducing their lives (DEFRA, 2018). 66 
Only a small portion of NOx emitted by motor vehicles is in the form of NO2 while NO 67 
remains the dominant component (Berkowicz, 2000). Therefore, we have included both NO2 68 
and NO in our analysis, as reported by reviewed studies. UFPs carry higher toxicity per unit 69 
mass and potential to cause adverse respiratory and wide-ranging health effects upon entering 70 
the lungs (Branco et al., 2014; Donaldson et al., 2005; Harrison and Yin, 2000; Kumar et al., 71 
2010; Sioutas et al., 2005). These particles have greater surface area,  unique chemical 72 
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composition, higher pulmonary deposition efficiency and subsequent inflammation, ability to 73 
penetrate deep in the body and enter the circulation system (including cardiovascular system) 74 
through the skin, lung and gastrointestinal tract and can accumulate in lymph nodes and brain 75 
tissues; and have potential to cause asthma, allergies and respiratory diseases in children 76 
(Heal et al., 2012; Kumar et al., 2014). All these negative health impacts of UFPs are more 77 
prevalent in children due to the following reasons: (i) children inhale a higher dose of 78 
airborne particles relative to their lung size and body weight in comparison with adults; the 79 
respiratory rate of child per body weight is generally two-fold higher than that for adults 80 
(Ginsberg et al., 2005); (ii) they have immature tissues, lungs, immune system, and brain 81 
which continue developing quickly; and (iii) they have permeable cell membrane lining 82 
inside their respiratory tract (Bates, 1995; Buonanno et al., 2013; Burtscher and Schüepp, 83 
2012; Mendell and Heath, 2005; World Health Organization, 2005). In particular, children 84 
from poor socio-economic groups are disproportionately affected by exposure to higher level 85 
air pollution because of lack of proper nutrition, access to routine medical care, lack of air-86 
conditioning in houses, exposure to indoor emissions from tobacco smoking as well as use of 87 
kerosene stoves in houses (Bates, 1995; Beate Ritz, 2008; World Health Organization, 2005).  88 
PM10 have a potential to deposit in the tracheobronchial region while fine particles (PM2.5) 89 
can go deeper into the respiratory bronchioles (Kim et al., 2015; Löndahl et al., 2006). PM2.5 90 
is usually more toxic than PM10 whilst UFPs shows the highest toxicity per unit mass which 91 
increases with decreased size range (Harrison and Yin, 2000; Heal et al., 2012). Likewise, the 92 
long-term exposure of BC reduces cognitive function among young children (Suglia et al., 93 
2007), affect negatively their respiratory health (Janssen et al., 2012) and lead to 94 
cardiopulmonary mortality (Janssen et al., 2011; WHO, 2012). Ambient PM2.5, PM10 and 95 
NOx are regulated via the ambient air quality standards. Despite significant scientific 96 
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evidence demonstrating negative health effects of BC and UFPs, the ambient air quality 97 
regulations are missing for these pollutants (Kumar et al., 10, 2018a). 98 
Table 1 presents the summary of relevant studies that show limited work assessing the air 99 
pollution exposure to in-pram babies. However, these studies provide meaningful insights on 100 
their elevated exposures in comparison with adults and quantify their exposure levels at 101 
different breathing heights. For example, Kumar et al. (2017) revealed that in-pram babies are 102 
exposed to higher PM2.5 concentrations during the afternoon pick-up hours of children from 103 
school compared with morning drop-off hours. Similar findings were reported by Garcia-104 
Algar et al. (2015). They reported a higher exposure of infants in strollers (a type of baby 105 
pram; see Section 2) to particles in the 20-1000 nm size range than adults during walk mode 106 
in an urban area. Similarly, a USA based study by Buzzard et al. (2009) found that children 107 
or infants breathing UFPs and PM1 at heights similar to that of a passing vehicle's tailpipe are 108 
exposed to higher PM concentrations than adults breathing at higher heights in standing 109 
position. Although some studies have reported that in-pram babies are not exposed to higher 110 
concentrations of PM2.5 than adults (Galea et al., 2014) and highlight the need for more 111 
studies to develop a diverse database. We evaluated both the scientific studies such as journal 112 
papers and the grey literature that included online published material such as technical reports, 113 
policy statements, catalogues, and brochures. 114 
As for health effects, Pujol et al. (2016) assessed the potential effects of TRAP on child brain 115 
development in the school environments. They measured concentrations of NO2 and BC (a 116 
component of PM2.5) as common markers of vehicle exhaust and used combination of 117 
imaging techniques such as functional Magnetic Resonance Imaging technique for 118 
quantifying various brain activities (e.g., regional brain volumes, tissue composition, 119 
myelination, cortical thickness, neural tract architecture, membrane metabolites, functional 120 
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connectivity in major neural networks and activation/deactivation dynamics) during a sensory 121 
task. They found that children from schools with higher exposure to TRAP showed lower 122 
functional integration and segregation in key brain networks as well as slower brain 123 
maturation. Likewise, Sunyer et al. (2015) studied the effects of TRAP (NO2, BC, and UFPs) 124 
on young children (7 to 10 years old) from 2715 schools in Barcelona (Spain) and found that 125 
children with higher levels of exposure had a smaller growth in cognitive development over 126 
time (Sunyer et al., 2015). Similarly, Suglia et al. (2007) assessed the relation between long-127 
term BC exposure (produced from mobile sources) and cognition functioning of children in a 128 
cohort study (1986-2001) for Boston, Massachusetts. The study was performed for selected 129 
202 children (mean age ~ 9.7±1.7 years) and the BC concentrations were estimated utilising a 130 
verified spatiotemporal land-use regression model as the annual mean of 0.56±0.13 µgm-3. 131 
The study reported that BC exposure to children resulted in weakening of their cognitive 132 
functioning across memory, verbal and nonverbal intelligence constructs. The above 133 
discussion clearly suggests that TRAP exposures to young children affect their early brain 134 
development and those from the poor socio-economic background are more vulnerable to 135 
such risks compared with their counterparts from relatively affluent socio-economic 136 
backgrounds.  137 
Iskandar et al. (2011) found a significant positive association between hospital admissions for 138 
asthma in children and TRAP (NOx, NO2, PM10 and PM2.5) as opposed to a weak positive and 139 
non-significant association was detected with UFPs. The following highest risk estimate per 140 
increase in interquartile range (IQR) of 5-day mean air pollution levels prior to hospital 141 
admission for asthma was observed: NOx (1.11; 95% CI 1.05-1.17), followed by NO2 (1.10; 142 
95% CI 1.04-1.16), PM2.5 (1.09; 95% CI 1.04-1.13) and PM10 (1.07; 95% CI 1.03-1.12). 143 
These findings are also supported by a recent meta-analysis conducted by Khreis et al. (2017) 144 
where they presented statistically significant associations between TRAP (NO2, NOx, PM2.5, 145 
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PM10) exposures and risk of asthma development. The overall risk reported at 95% CI were 146 
as follows: NO2 (1.05; 95% CI 1.02-1.07) per 4 μg m
-3
; NOx (1.48; 95% CI 0.89-2.45) per 30 147 
μgm-3 nitrogen oxides (NOx); PM2.5 (1.03; 95% CI 1.01-1.05) per 1 μg m
-3
; PM10 (1.05; 95% 148 
CI 1.02-1.08) per 2 μg m-3). Recent work of Deng et al. (2018) studied the particle deposition 149 
in human tracheobronchial airways for infants, children, and adults through computation fluid 150 
dynamics modelling and reported that infants are potentially at a greater health risk from 151 
exposure to airborne particulate matter and the particle deposition decreases with increasing 152 
age.  153 
There are numerous studies on the exposure assessment of young children but similar studies 154 
for in-pram babies are very limited and call to highlight the gaps in existing literature that 155 
could be filled by future studies. The scope of the review does not extend to the personal 156 
exposures to air pollution in indoor environments such as schools and homes where already 157 
several review articles are available (Branco et al., 2014; Chatzidiakou et al., 2012; Han and 158 
Naeher, 2006; Kanchongkittiphon et al., 2015; Khreis et al., 2017; Mejia et al., 2011; 159 
Mendell and Heath, 2005; Salthammer et al., 2016). The specific objectives of this review are 160 
to: (i) assess concentration exposure of in-pram babies; (ii) classify the pram-designs; (iii) 161 
understand flow features around prams; (iv) evaluate the physico-chemical properties of 162 
particles inhaled by in-pram babies; (v) explore a range of mitigation technologies via 163 
different pathways; and (vi) critically analyse the role of community engagement and public 164 
policy instruments as essential tools to complement technology-centric mitigation efforts. 165 
2. Classification of baby prams  166 
The air within the first meter above the road levels is usually most polluted and hence 167 
assessment of the breathing height provided by the various pram designs available in the 168 
market is important. We classified available pram types based on various criteria such as the 169 
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pram height and the width as well and the seating capacity in terms of single pram versus 170 
twin prams. Table 2 presents a comprehensive summary of different travel systems available 171 
from commercial pram manufacturers. These travel systems can be divided into two broad 172 
categories (Figure 1) based on the following criterias: (i) number of wheels (3-wheelers 173 
versus 4-wheelers), and (ii) seating capacity (one baby versus two babies). These can further 174 
be sub-classified based on criteria such as their functionality and age group of babies and 175 
specifications such as weight, width, handle height, and additional features of portability such 176 
as foldability, detachability and convertibility to adjust to car seats during transportation. The 177 
personal exposures to air pollution are substantially influenced by the breathing height 178 
relative to the vehicle exhaust pipe (Buzzard et al., 2009) and hence a systematic evaluation 179 
of the breathing zone of babies inside prams is essential to target mitigation strategies for 180 
personal exposure. The information pertaining to the height of pram can be utilised to deduce 181 
breathing heights of babies with respect to the source of emission (i.e., vehicle tailpipe). 182 
Table 2 allows to draw following key information pertaining to classification of baby prams: 183 
(1) prams are developed for babies in the age group of 0-5 years; (2) weight of the pram 184 
varies from 3.9 kg to 19.5 kg; (3) height of the pram top varies from 59 cm to 124 cm; and (4) 185 
width of typical pram varies from 56 cm to 82 cm. Both height and width are important 186 
features and suggestive of the scale in which the flow features around pram should be 187 
analysed. It also indicates that the concentration within the first 1m above the road level, the 188 
same height where tailpipe of most road vehicles resides, lies within the zone of pram heights 189 
making it critical for exposure assessment of in-pram babies. The scientific studies have not 190 
quantified the effectiveness of pram covers in mitigating exposure concentrations of in-pram 191 
babies. However, there has been hypotheses that the use of pram covers for shorter periods in 192 
cold weather conditions at pollution hotspots such as traffic intersections and bus stands 193 
could act as physical barriers between the exhaust emissions from road vehicles and 194 
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breathing area to help reduce their exposure (BBC, 2017; Kumar et al., 2017). On the other 195 
hand, their use in hot weather conditions could potentially trap the heat underneath them and 196 
restrict air circulation (Grounsell, 2015; Payton, 2018). Clearly, studies are needed to provide 197 
scientific evidences on the efficacy of pram covers for various pollutants and under diverse 198 
weather conditions. 199 
3. Exposure concentrations of in-pram babies 200 
Table 3 presents the summary of various studies measuring exposure concentrations of 201 
in-pram babies compared with adults (Buzzard et al., 2009; Garcia-Algar et al., 2015; Kenagy 202 
et al., 2016; Kumar et al., 2017). Irrespective of pollutants, the majority of studies show 203 
increased exposure concentrations of in-pram babies than adults (Figure 2). For example, in-204 
pram exposure to UFPs and PM2.5 in the roadside environment was up to 10% higher than 205 
that for an adult (Garcia-Algar et al., 2015) while the corresponding values for NO2 exposure 206 
were 5-15% higher for babies. Some studies did not notice such differences (Galea et al., 207 
2014). In fact, on some days this study reported 17-51% higher PM2.5 exposure of adults than 208 
children in buggies (Galea et al., 2014). However, children exposure to PM2.5 was 16% 209 
higher than that of adult on one of their six days measurements. The authors did not explain 210 
the reason for this changing trend. However, an obvious reason for lower concentrations at 211 
adult height than babies exposure is that concentration usually decreases with height in 212 
roadside environments (Goel and Kumar, 2016; Kumar et al., 2008c). 213 
Garcia-Algar et al. (2015) performed simultaneous measurements of UFPs in Barcelona at 214 
two different heights, 0.55 m for an infant in a stroller and 1.70 m for an adult. Their findings 215 
were in line to those reported by Buzzard et al. (2009) emphasising that children breathing 216 
around tailpipe height are likely to be exposed to elevated concentrations of UFPs than those 217 
breathing at adults heights during walking or standing. The studies summarized in Table 3 218 
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reveal that in-pram babies or children breathing height between 0.55 m and 0.85 m above the 219 
ground level with up to ~59% higher exposure than adults, depending on factors such as: (i) 220 
concentration decay with height, (ii) proximity with the roadways, (iii) location of the vehicle 221 
tailpipe close to the passenger side, and (iv) duration of exposure measurement.   222 
4. Physico-chemical properties of particles 223 
 PM is a complex mixture of diverse components ranging from almost neutral and 224 
greatly soluble substances (e.g., ammonium sulfate, ammonium nitrate and sodium chloride) 225 
to soot particles (consisting of elemental carbon core coated with organic compounds), to 226 
insoluble minerals (e.g., clay particles). The soluble and insoluble substances reflect 227 
significantly different fragments of the ambient PM from different locations and such 228 
variations are conventionally not usually reported in the epidemiological studies (Harrison 229 
and Yin, 2000). The studies focusing on physicochemical properties of PM2.5 and PM10 230 
particles for in-pram babies or children exposures are limited (Table S1). For example, 231 
Fromme et al. (2008) studied the chemical and morphological properties of PM10 and PM2.5 232 
in school classrooms and outdoor air. They utilised the gravimetric method for PM 233 
measurements and filters to determine proportions of EC and OC, light absorbance and 234 
water-soluble ions. They observed a high correlation between Abscoeff and the EC in PM10 for 235 
the outdoor (r = 0.94); however, a weak correlation between Abscoeff and the EC was 236 
observed for PM10 (r = 0.41) in indoor air (Tables S1 and S2). Figure S2 shows the 237 
contribution of various ions to total ion concentration in indoor versus outdoor PM2.5 and 238 
PM10 concentrations. In outdoor PM10 samples, EC, OC and ions amounted to 55% of the 239 
PM10 composition as opposed to 36% in indoor PM10. The proportion of ions such as calcium 240 
(Ca; 30%); sulfate (SO4
2-
; 28%) in indoor and outdoor PM10 (nitrate, NO3
-
; 36%; and SO4
2-
; 241 
27%) were different (Fromme et al., 2008).  Similarly, their SEM/EDX analysis revealed that 242 
the outdoor particles were rich in transition metals such as iron (Fe), manganese (Mn), and 243 
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gold (Au) while indoor particles were rich in earth crust material and various constituents of 244 
silicon (Si), oxygen (O), carbon (C) and Ca which have relatively less health impacts than 245 
particles generated by combustion processes which are predominantly found in the outdoor 246 
particles. In a slightly different study, Thorpe and Harrison (2008) examined the chemical 247 
and physical properties of non-exhaust particles from road traffic and their potential use as 248 
source tracers. They found tyre wear as a major contributor of Zn and suspended road dust 249 
containing metals such as Si, Fe, Ca, Na (sodium), Mg (magnesium), Al (aluminium), and Sr 250 
(strontium). Similarly, Harrison et al. (2003) studied the composition of particulate matter in 251 
the roadside environment with a focus on identifying the contribution of road traffic 252 
emissions towards fine and coarse particle concentrations emitted through processes such as 253 
exhaust emissions and resuspension respectively. They reported the following key findings: (i) 254 
elements such as Cu (copper), Zn (zinc), Mo (molybdenum), Ba (barium) and Pb (lead) 255 
showed significant correlations with tracers of road traffic emissions (i.e., NOx and particle 256 
count; Table S1) and; (ii) enrichment of most trace elements in roadside aerosol is derived 257 
from vehicle wear products as opposed to exhaust emissions. Pant et al. (2017) 258 
simultaneously collected vehicle generated PM2.5 samples from road tunnel environment and 259 
background site in Birmingham (UK) and analysed the samples for elemental and organic 260 
species (hopanes, alkanes and PAH). They concluded that (i) Si and Fe as the most abundant 261 
elements in the tunnel while Cu, Zn and Ba were found to be the most abundant trace 262 
elements; and (ii) the composite traffic source profile for organic markers based on Lenschow 263 
approach was found consistent with other UK composite profile generated from roadside 264 
measurements. Calderón-Garcidueñas et al. (2013) studied the olfactory function of Mexico 265 
City residents in areas of extreme air pollution and compared them to individuals living in the 266 
reasonably clean environment. They found a strong correlation between well-known PM-267 
associated toxic metals (i.e., Mn) and gene expression of inflammatory genes and DNA repair 268 
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genes. They emphasized that metal neurotoxicity to exposed residents of Mexico City 269 
(primarily children) leads to long-term neural effects (e.g., neural degeneration and brain 270 
damage). Only a handful of studies are available for in-pram babies. For example, Kumar et 271 
al. (2017) performed SEM and EDS analysis of vehicle exhaust PM (PM2.5 and PM10) 272 
collected PTFE filters and found that the dominant elements in vehicle exhaust emissions 273 
include Cl (chlorine), Na, Fe, and O while excluding F (fluorine) and C are affected by the 274 
filter composition. The higher percentage of crustal element Fe relative to other crustal 275 
elements (e.g., Si, Al, Mg) indicated that road traffic has the highest contribution towards the 276 
vehicle exhaust sample collected on PTFE filter. However, the above discussion clearly 277 
shows the dominance of toxic metals in roadside environments and that the in-pram babies 278 
are expected to be exposed too, damaging their frontal lobe as well as cognition and brain 279 
development (Calderón-Garcidueñas et al., 2013; Suglia et al., 2007; Sunyer et al., 2015).  280 
5. Exposure implications due to flow and dispersion around baby prams 281 
  The understanding of flow and dispersion of air pollutants around the baby prams 282 
(Figure 3) is crucial to understand its implications for exposure and develop mitigation 283 
strategies. The diversity of complex settings around roads cause dissimilarities in flow and 284 
dispersion characteristics of pollutants and disproportionately affects the dilution of these 285 
emissions (Britter and Hanna, 2003). For example, a typical urban area comprises of street 286 
canyons which are often associated with higher concentrations than the areas which are 287 
relatively uninhabited due to variations in traffic activity, congestion patterns, street canyon 288 
geometry, dispersal of emissions from nearby streets and instability caused by prevailing 289 
winds, traffic and atmospheric flow (Kumar et al., 2008b; Kumar et al., 2011).  290 
The past field studies have demonstrated that pollutants including particle number and mass 291 
concentrations usually decreases with height in roadside environments (Goel and Kumar, 292 
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2016; Kumar et al., 2008b; Li et al., 2007). Although the first two meters close to the road are 293 
highly turbulent due to traffic-produced turbulence and the same decreasing profile of 294 
concentrations does not really exist (Kumar et al., 2008a; Kumar et al., 2008c; Kumar et al., 295 
2009a). The pollutant concentrations are higher in this lower part due to the presence of 296 
emission sources while it decreases with height thereafter as the pollutants are removed by 297 
the mass exchange between the street canyon and relatively lesser polluted wind above 298 
(Kumar et al., 2008b). Kumar et al. (2008b) investigated the existence of exponential 299 
relationship for vertical profile of PNC samples for three different heights of 0.20 m, 1.0 m 300 
and 2.60 m and applied an exponential variation to the daily averaged PNC data. Other 301 
studies conform to these observations for the gaseous pollutants also (Bauman et al., 1982; 302 
Boddy et al., 2005; Zoumakis, 1995). For example, Zoumakis (1995) studied the average 303 
vertical profile concentration of gaseous pollutants through experimental measurements 304 
vertically in the Patision street canyon in Athens. They found that the height variation of CO 305 
followed the general exponential form, as explained in Supplementary information (SI) 306 
Section S1. 307 
Roadside prams are directly affected by the wake of on-road vehicles that have a pronounced 308 
effect on the dispersion of vehicle emissions and its spread in the roadside environment 309 
(Carpentieri and Kumar, 2011; Carpentieri et al., 2011, 2012). The vehicles wake scale has 310 
two distinct flow regions: near-wake adjacent to the back of a vehicle and the far-wake that 311 
extends to few times the height of the vehicle and spreads horizontally with distance (Baker, 312 
2001). These wake regions are predominantly influenced by flow vortex and turbulence that 313 
results in both dilution and diffusion of pollutants (Baker, 2001; Dong and Chan, 2006). 314 
Kumar et al. (2009b) emphasized dilution as one of the most important factors in the near 315 
wake region followed by the nucleation, condensation and deposition process. They also 316 
reported that the dilution stage in the near-wake of moving the vehicle is very fast and it 317 
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dominates competing effects associated with other transformation processes. Baker (2001) 318 
reported that near wake region is indicated by large-scale recirculation and longitudinal 319 
vortex structures and unsteady fluctuations due to the instability of the separated shear layer 320 
and wake pumping, as shown in Figure 3a. In contrast, far wake region (Figure 3b) is 321 
associated with the following characteristics: (i) velocity deficit and general turbulence; (ii) 322 
no visible flow structures with a steady decay of the velocity field; (iii) negligent wake 323 
unsteadiness at large scales; and (iv) rate of evolution of particles is much lower due to 324 
decline of vehicle-produced turbulence with the increasing distance from the tailpipe and 325 
mixing is mainly dominated by atmospheric turbulence (Baker, 2001; Kumar et al., 2011). 326 
The increase in roadside concentrations of fine particles (PM2.5) is usually dominated by 327 
exhaust emissions (Amato et al., 2009; Kumar and Goel, 2016; Kumar et al., 2018) as 328 
opposed to coarse particles (PM2.5-10) coming from sources such as resuspension of road dust, 329 
brake and tyre wear (Kumar et al., 2017). With an increase in traffic density, both the 330 
concentrations of fine and coarse particles should generally increase. Kumar et al. (2017) 331 
showed higher concentrations of coarse particles during afternoon hours compared with 332 
morning hours, despite similar traffic volume during both the periods, suggesting that the 333 
resuspension is suppressed during morning hours because of overnight dew and wetness of 334 
road surface. 335 
The dispersion of particulate matter is also influenced by meteorological conditions such as 336 
wind speed and wind direction (Buzzard et al., 2009). Wind speed influence both the kerbside 337 
concentrations and the cross-wind direction help steer the pollutants towards the prams. The 338 
horizontal decay of pollutants occurs from kerbside to away distances (Kenagy et al., 2016) 339 
and the prams being on kerbside environments mean that the prams experience the highest 340 
concentrations before its decay to further distances. The above discussion suggests that 341 
factors such as meteorological conditions (e.g., wind speed and direction), the built-up 342 
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features along the roadside and traffic volume crucially affect the dilution, dispersion and 343 
exposure of pollutants to in-pram babies. While some of the natural factors such as 344 
meteorological conditions are beyond the control, mitigation efforts could target traffic 345 
emissions (Section 6.1) and passive control methods (Sections 6.2 and 6.3). 346 
6. Existing technological solutions for mitigating personal exposures 347 
6.1.     Active control measures for mitigation at the source 348 
Figure 3 indicates that in-pram babies on the pedestrian tracks are directly exposed to 349 
the toxic tailpipe emissions (e.g., UFPs, BC, PM2.5, PM10 and NO2). Therefore, the mitigation 350 
strategies for controlling the vehicle exhaust emissions before they exit the tailpipe can 351 
substantially reduce the exposure to in-pram babies. Here, we briefly discuss mitigation 352 
technologies for exhaust emissions at the source.  353 
Table 4 summarises active after-treatment emission control technologies. Since this topic is 354 
discussed extensively in previous studies, we only discuss selected studies for the brevity 355 
reasons. These emission control technologies can be leveraged for reducing emissions of CO 356 
and hydrocarbons by more than 95% and NOx emissions for more than 80% in comparison 357 
with uncontrolled emission levels. These advanced technologies tend to be sophisticated in 358 
design and thus likely to increase the costs of manufacturing and require incentives to 359 
penetrate the market. Such incentives can be facilitated through the enforcement of more 360 
stringent emission standards, financial enticements, or a combination of both (Faiz et al., 361 
1996; Sharma and Chung, 2015). 362 
Published literature has established that diesel vehicles are a primary source of emissions of 363 
PM, NOx and pollutants such as sulfur dioxide and hydrocarbons. Although there are trade-364 
offs between NOx and PM emissions reduction from diesel-powered compression ignition 365 
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engines, it is still possible to reduce both the pollutants simultaneously. Obviously, there are 366 
restrictions on the degree to which either can be reduced without increasing the concentration 367 
of other. Some of the engineering solutions to reduce both pollutants simultaneously include 368 
techniques such as optimization of fuel injection, fuel-air mixing, and combustion processes 369 
over the range of operating conditions and a thorough understanding of such concepts such as 370 
diesel combustion processes and the factors affecting pollutant creation and elimination in the 371 
cylinder have led to the successful controls of PMx and NOx simultaneously.  372 
One of the interesting technological solutions which Faiz et al. (1996) recommended is to use 373 
vertical exhaust systems for the heavy-duty vehicles. They reported that the selection of 374 
horizontal or vertical exhaust location does not influence the overall emissions of a vehicle 375 
but it has a noteworthy impact on local concentrations. A vertical exhaust pipe in a heavy-376 
duty vehicle reduces the concentration of exhaust pollutants near the ground (close to in-pram 377 
baby breathing level) and thus could help to limit the personal exposure to the elevated local 378 
concentrations of the emitted pollutants by 65 to 87%. Later, Johnson (2001, 2004, 2008, 379 
2011) reported that the PM and NOx control technologies should be developed as integrated 380 
technologies and the preference should be determined by the overall system performance and 381 
cost against the requirements such as filter and exhaust gas recirculation systems. The 382 
emission control technologies are often associated with fuel penalty in various proportions 383 
depending upon the engine technology and application. Hence, it is desirable that such 384 
technologies should have a low back pressure for significantly curtailing fuel penalty 385 
(Johnson, 2002).  386 
6.2.     Passive control for exposure mitigation 387 
Understanding the role of atmospheric processes in altering the concentration of 388 
particles and their significance in in-pram route environments is important for assessing the 389 
exposure of in-pram babies. Transformation is driven by processes such as nucleation, 390 
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dilution, coagulation, condensation, evaporation and deposition (dry and wet) and affects 391 
differently the various size of particles. Kumar et al. (2011) reviewed the importance of these 392 
processes, showing nucleation to increase the concentrations while coagulation, deposition 393 
(dry and wet) and condensation acting the other way around to reduce the concentration. In 394 
the roadside environment where the prams are very close to the road, the nucleation process 395 
is important due to fresh exhaust emissions and coagulation because of higher concentrations 396 
of particles. The exhaust from vehicles also include a non-volatile core and such particles 397 
grow by condensation of semi-volatile material, primarily hydrocarbons, during dilution and 398 
cooling (Kumar et al., 2011). Vehicle exhaust emissions, primarily UFPs after releasing into 399 
the atmosphere from vehicle tailpipes, exhaust emissions constantly experience the effect of 400 
dilution and transformation processes that alter their number and size distribution (Kumar et 401 
al., 2011). Another important aspect is dry deposition as the particles come in contact with 402 
road surface they could stick to it (Egodawatta et al., 2009). We did not review the 403 
transformation processes which are discussed in detail elsewhere (Baker, 2001; Britter and 404 
Hanna, 2003; Dong and Chan, 2006; Kumar et al., 2011) and focus at the very local scale 405 
where removal processes such as such as filtration become important.  406 
6.2.1  Filtration 407 
 Filtration is a common method for removing particulate matter from the ambient 408 
environment by capturing particulate matter through mechanisms such as interception, 409 
inertial impaction, and diffusion (Zhong et al., 2015). Table 5 shows the predominant 410 
deposition mechanisms for PM2.5-10, PM2.5 and PM0.1.  411 
As per the single-fibre filtration theory, particles larger than 300 nm are most efficiently 412 
collected via the processes such as impaction, interception, and gravitational settling, whereas 413 
particles smaller than 200 nm are collected most efficiently by processes such as  diffusion, 414 
electrostatic attraction, or polarization force effects (Hinds, 2012; Shaffer and Rengasamy, 415 
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2009). The retaining efficiency of particles is usually determined by a combination of these 416 
mechanisms and the specific particle size determines which of these mechanisms will 417 
dominate for a particular particle size range (Zhong et al., 2015). There is also an interim 418 
region, commonly recognised as the most-penetrating particle size, where none of the 419 
mechanisms dominates (Shaffer and Rengasamy, 2009). Shaffer and Rengasamy (2009) also 420 
pointed out some ambiguities in the prevalent single-fiber filtration theory which persist such 421 
as filtration of particles smaller than 20 nm and the most penetrating particle size of 422 
commercially available respirators. Traffic-related emissions of fine and ultrafine particles 423 
varies as a function of distance from the freeways and these distinctions are affected by a 424 
combination of atmospheric processes (Section 5) while the indoor environments near 425 
freeways are likely to witness considerable concentrations of outdoor particles (Lin et al., 426 
2005; Zhang and Wexler, 2004; Zhang et al., 2004).   427 
Numerous air pollution filtration technologies are available for passive control of PMx and 428 
NOx at receptors (see summary in Table 6). The commonly available air filters can be 429 
classified into two types (Liu et al. (2015): (i) porous membrane filter which is designed by 430 
creating small pores on a solid substrate to filter out coarse particles. Their porosity is low 431 
(<30%) for coarse particles and the filtration efficiency is high but, as expected, these incur a 432 
large pressure drop; (ii) fibrous air filter which is designed to capture PM particles through 433 
the mechanism of thick physical barriers and adhesion. Fibrous air filters usually have 434 
porosities greater than 70%. To obtain greater efficiencies, they are generally designed as a 435 
combination of several layers of thick fibers with varying diameters. These additional layers 436 
lead to undesirable characteristics of such filters such as bulkiness, non-transparency and 437 
hinder air flow and filter efficiency (Liu et al., 2015). Airborne PM2.5 particles contain a 438 
complex composition (Section 1) and their behaviour differs because of their 439 
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physicochemical properties (Section 4), inorganic PM2.5 components (e.g., SiO2, SO4
2-
and 440 
NO3
-
) are mainly captured by interception and impaction on a filter surface (Liu et al., 2015).
 
441 
Of late, nanofiber mats have emerged as filtration solutions. For example, Souzandeh et al. 442 
(2016) reported that in contrast to conventional air-filter materials of porous films (such non-443 
woven fibrous mats composed of micron-size fibers), nanofiber offers a number of 444 
advantages such as: (i) these tend to absorb substance from the environment due to a high 445 
surface energy, which enhances the interactions between fibers and pollutants; (ii) these can 446 
significantly increase the surface area of filter materials, offering more active sites for 447 
trapping pollutants; and (iii) consequently nanofiber mats can provide a high filtering 448 
efficiency for PM between 0.3 to 10 µm while maintaining low-pressure drop or air 449 
resistance, which is critical for their practical application. Similarly, membrane filtration is 450 
another key technology that can provide high PM2.5 filtration efficiency and low resistance by 451 
maintaining a high air flux (Xu et al. (2016). For example, the polar polymer nanofiber 452 
membrane has high capture efficiency, good optical transparency and low airflow resistance 453 
(Xu et al. (2016). There is also a drive to integrate advantages of nano to microscale fibers to 454 
achieve optimal performance of air filtration techniques (Zhang et al. (2016).  455 
The conventional air purifiers use filters to remove PM and selected gaseous species. 456 
However, such techniques do not eliminate the pollutants completely and rather transfer them 457 
from one phase to other requiring additional disposal or handling steps (Zhao and Yang, 458 
2003). Therefore, advanced oxidation technologies such as heterogeneous photocatalytic 459 
oxidation (PCO) have emerged which degrades a broad range of contaminants into harmless 460 
final products such as CO2 and H2O with negligent energy input. PCO is effective for the 461 
removal of traffic generated NOx emissions in inner city areas (Chen and Poon, 2009; Hunger 462 
et al., 2010). We reviewed PCO technology (SI Section S2) to explore its potential 463 
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application into baby prams for reducing NOx concentrations in baby’s breathing zone. 464 
Figure S1 shows the principle of PCO as utilised in a photocatalytic honeycomb monolith 465 
reactor. The innovative passive control technology options such as nanofiber filtration 466 
technology for PM and PCO for NOx could potentially reduce exposure of in-pram babies 467 
when integrated with innovative solutions that aim to create a clean air zone around the 468 
breathing area of babies (e.g., BRIZI baby). 469 
6.2.2  Role of health and safety directives 470 
The European Agency for safety and health at work (EU-OSHA) is responsible for 471 
drafting European directives to minimum standards for health and safety in the workplace 472 
(EU-OSHA, 2017). Tables S3-S6 and Sections S3-S4 provides a detailed classification of 473 
filters based on European Standards. The Directive 89/686/EEC focuses on the PPE (Personal 474 
Protective Equipment) Directive (European Commission, 2017) that relates to the products 475 
(e.g., face masks) which users are recommended to wear or hold for ensuring protection 476 
against hazards whilst engaging in routine activities at the workplace, home or during leisure 477 
activities (HSE, 2014). PPE equipment may include respiratory protection devices such as 478 
face masks, dermal protection and eye protection (European Commission, 2014). Filtration is 479 
one of the passive control measures for mitigation at the receptor. Some of the important 480 
characteristics of filters include filter efficiency, dust holding capacity and differential 481 
pressure that are analysed in different ways since the performance of filters changes over time. 482 
There are organisations such as American Society of Heating, Refrigeration, and Air-483 
Conditioning Engineers (ASHRAE) and International Organization for Standardization (ISO) 484 
which develop standardised filter testing methods (Tronville and Rivers, 2016; Tronville and 485 
Rivers, 2006). These testing methods are used for comparing, and evaluating the filtration 486 
efficiencies of different types of filters (based on manufacturing company, filter media and 487 
design) and recommending alternative design options (Camfil, 2017a). Some examples of 488 
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filter testing methods include ISO 29463 (ISO, 2011) based on European Directive EN 489 
779:2012 (SI section S3), EN1822 (SI section S4), EN 1822:2009 (Camfil, 2017b). 490 
Differentiating various types of air filters is a complex task and therefore, such standards 491 
ensure that filters from various manufacturers, designs and technologies can be classified 492 
following the insights of numerous variables that can potentially prejudice the results of a 493 
comparative analysis.  494 
6.2.3     Physical barriers 495 
 We summarised various passive control technologies and distinguish the studies on 496 
the basis of study design objectives, key findings, and percentage efficiency of specific 497 
technologies in improving the air quality (Table S7). Gallagher et al. (2013) analysed the 498 
impacts of passive controls such as the role of green hedges and low boundary walls (LBW) 499 
between the source (vehicles) and receptors (in-pram babies; pedestrians, cyclists) to reduce 500 
their personal exposure. They found that various factors such as lane distribution, fleet 501 
composition and vehicular turbulence affects the dispersion of pollutants and revealed that 502 
parked car model provided the highest overall average reductions of 15% in contrast to other 503 
passive control models e.g., LBW model (reduction of 12%); combined parked cars and 504 
LBW model (increase of 6%). Other studies (Abhijith et al., 2017; Gallagher et al., 2015; 505 
McNabola, 2010; McNabola et al., 2009) evaluated mitigation technologies such as porous 506 
barriers (e.g., green infrastructure including trees and vegetation) and solid barriers (e.g., 507 
LBW and parallel parked cars) for reducing personal exposures inside the built environment. 508 
They concluded that such porous and solid barriers alter localised dispersion patterns and 509 
improve local air quality to mitigate personal exposures to kerbside dwellers and in-pram 510 
babies are clearly one of them. Brantley et al. (2014) focused on characterizing the effects of 511 
a tree stand on near-road air quality in an open highway environment over a range of 512 
meteorological and traffic conditions. They indicated a reduction of up to 22% in BC 513 
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concentrations and concluded that well-designed vegetation barriers can be used to improve 514 
near-road air quality, either alone or in combination with solid barriers (Brantley et al., 2014). 515 
Earlier, Yang et al. (2008) quantified the air pollution mitigation potential of different types 516 
of green roofs in a city but these will not directly influence the exposure concentrations of 517 
roadside in-pram route environments. 518 
The above discussion clearly suggests that passive pollution control between source and 519 
receptor could positively influence the exposure concentrations of in-pram babies if their 520 
carriers decide to choose such routes.  521 
7.       Community empowerment 522 
            In addition to technology solutions (Section 6), we highlight here the role of soft 523 
measures such as community empowerment and regulatory interventions that are equally 524 
important pathways for mitigating air pollution exposures. Therefore, we have systematically 525 
reviewed the historical background (SI Section 5.1) of such interventions and summarised 526 
their impacts in SI Section 5.2. The subsequent text discusses case studies from countries 527 
such as China, Great Britain, USA, Greece and Finland in a broader context.  528 
There are limited studies internationally (Ginja et al., 2017; Kinney et al., 2000; Ngo et al., 529 
2017; Pantavou et al., 2017; Wakefield et al., 2001) that have focussed on assessing the 530 
community perception of the air pollution exposure as compared to many more studies from 531 
China (Ban et al., 2017; Fan et al., 2017; Guo et al., 2016; Huang et al., 2017; Liao et al., 532 
2015; Qian et al., 2016) at both individual level and community level. For example, Pantavou 533 
et al. (2017) modelled the public perception of outdoor air quality in an urban Mediterranean 534 
environment in Athens (Greece) for helping policymakers in public health protection via 535 
development of efficient warning systems. They found that public perception of air quality 536 
was dependent largely based on factors such as concentrations of NOx, and CO and personal 537 
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factors such as age, locality of residence, health symptoms and thermal sensation. Liao et al. 538 
(2015) conducted a study based on face to face survey about public perception of air quality 539 
in Nanchang, China. The survey targeted 989 parents with kindergarten children aged 2-9 540 
years and found that 69% of participants believed that present air quality was worse than 541 
three years ago and 97% recommended that government should increase funding to improve 542 
the air quality. Ngo et al. (2017) reported that community participation in performing air 543 
quality studies empowered local communities with essential knowledge of air pollution work 544 
(e.g., risk perception and real-time air quality sampling) and such knowledge and feedback 545 
helped them in developing rational solutions for tacking air pollution issues. The 546 
communities started discussing alternatives to avoid pollution sources such as open biomass 547 
burning, cook stoves, and removing old vehicles. The planning and delivery of effective air 548 
pollution adaptation policies require insight into the individual behavioural responses to 549 
tacking issues of air pollution such as minimizing outdoor activities, reducing indoor 550 
exposures, or adapting commuting behaviour (Ban et al., 2017). Kinney et al. (2000) reflected 551 
the prominent role of community empowerment via engagement activities. This study was 552 
carried out on the demand of disadvantaged residents of Harlem (New York, USA) who were 553 
disproportionately affected by exposure to toxic diesel engine emission of PM2.5 and EC. 554 
Such exposures were having negative impacts on native’s health. The local people’s concern 555 
for negative health outcomes led to a movement and demand for a community-based research 556 
study. Temporal and spatial variations in sidewalk concentrations of PM2.5 and EC were 557 
quantified at street level and were helpful for designing mitigation efforts of diesel emissions 558 
on nearby streets. This study is an example of an innovative model of community partnership 559 
driven research where researchers engage with community representatives as dedicated 560 
partners in the design, implementation, analysis, and reporting of scientific results. The 561 
observation of spatial variations in exposures to diesel exhaust emissions (i.e., PM2.5) 562 
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revealed that the health risks associated with such exposures vary with the community as a 563 
function of diesel source density (Kinney et al., 2000).  564 
Veeckman and van der Graaf (2015) analysed a collaborative initiative by four cities in 565 
Europe (Ghent in Belgium, Issy-les-Moulineaux in France, Manchester in UK and Athens in 566 
Greece) for deriving intelligence to optimize citizen participation in cities in the context of 567 
public sector innovation. They introduced the framework of living labs as an illustration of 568 
how bottom-up processes of public engagement can be leveraged for gaining meaningful 569 
insights into rapidly changing aspects of modern cities. Anttiroiko (2016) discussed the 570 
benefits of growing public participatory platforms in Finnish cities such as Helsinki, Tampere, 571 
and Oulu. The living labs (e.g., Helsinki living lab in the Helsinki metropolitan area) act as 572 
key drivers of the innovation ecosystem utilised simultaneously by city governments, higher 573 
education institutions and corporate sector to meet different objectives, for instance, 574 
governance objectives including supporting economic development and higher education 575 
purposes via teaching and research of corporate sector objectives of ideation, validation and 576 
development of new products. In a more recent study, Ginja et al. (2017) conducted a pilot 577 
study titled “RIGHT TRACKS” for testing the feasibility of a promoting incentive driven 578 
active travel for low income school children aged 9-10 years and they analysed the potential 579 
of such schemes for future trails which can be adopted and implemented by schools. This 580 
study identified that the mode of transport of school children in Great Britain is largely 581 
dependent on cars for even short distances, for instance, 19% of very short distance (~1.6 km) 582 
trips to schools and short distance trips (ranging from 1.6 to 3.2 km) to primary schools are 583 
done by cars. Hence, there is a significant potential to achieve real health benefits of 584 
incentivising active commute (i.e., walking) to schools through active engagement of school 585 
authorities and parents for promoting moderate-to-vigorous physical activity for school 586 
children (Ginja et al., 2017). This is supported by Davison et al. (2008) who analysed data of 587 
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several health-related studies (Alexander et al., 2005; Cooper et al., 2005; Heelan et al., 2005; 588 
Sirard et al., 2005) focusing on active commute of children to schools. Their work revealed 589 
that children using active forms of transport to school gather about 20 additional minutes of 590 
moderate to vigorous physical activity per day on weekdays and spend 33.2 to 44.2 kcal extra 591 
per day in contrast to those children who are driven to school (Davison et al., 2008). The 592 
WHO (2010) guidelines recommend that children and youth aged 5-17 years old should 593 
accumulate at least 60 min of moderate-to-vigorous physical activity daily. Furthermore, it is 594 
emphasised that physical activity is positively related to cardiorespiratory and metabolic 595 
health in children and youth. 596 
The passive mitigation approaches such as fostering community engagement via awareness 597 
campaigns, workshops, community participatory research designs, and surveys can broadly 598 
benefit all citizens in general including in-pram babies through increased awareness about air 599 
pollution exposure routes while commuting outdoors. The community participation initiatives 600 
can lead to increase in awareness levels of the parents about sustainable lifestyles and 601 
behavioural choices such as opting effective mode and route of transport while they carry 602 
their babies (or, young children) in prams with them.  603 
The above discussion allows us to identify the roles of various actors (Figure 4) in designing 604 
and implementing strategies for an all-around mitigation of air pollution exposures to in-pram 605 
babies and young children. The role of the academic research includes conducting the 606 
outreach activities for widening the engagement of communities to understand their 607 
requirements while collaborating with industrial partners for developing technological 608 
solutions. The communities are expected to coordinate in the mitigation efforts by complying 609 
the requisites for mitigating personal exposures to minimum levels by adopting measures 610 
such as face-masks as appropriate (Section 6.2.1), preferring public transport for day to day 611 
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travel and educating young children while choosing low congestion routes for transporting in-612 
pram babies and ensuring that they maintain safe distances from the polluting mobile sources 613 
on roadsides. Also, the community should be willing to spread awareness amongst their 614 
relatives, friends and families about the negative health impacts of air pollution. As for 615 
technological intervention, industries, engineers, technocrats and entrepreneurs bear a role to 616 
develop robust technology solutions to fulfill community needs by understanding and making 617 
recommendations on potential solutions. Finally, on the public policy front, the legislative 618 
authorities and governments need to develop and enforce policies which are most effectively 619 
tailored to meet the needs of the public with the understanding of the problems from the 620 
scientific perspective.  621 
8.   Summary, Conclusions and Future Outlook  622 
We thoroughly reviewed existing literature on exposure assessment of in-pram babies and 623 
analysed the differences in air pollution exposure with respect to adults. We classified 624 
available pram types based on criteria such as height, width and the seating capacity (single 625 
versus twin) and analysed the breathing height of various pram designs to understand its 626 
impact on exposure. We assessed the flow features around the prams that affect the pollution 627 
dispersion around them and the atmospheric transformation processes impacting exposure 628 
concentrations. The physicochemical properties of particles inhaled by in-pram babies were 629 
assessed to evaluate the toxic chemical species that in-pram babies could be breathing. 630 
Further, we evaluated a diverse range of exposure control options including active control at 631 
the source, passive control at the receptor (e.g., enhanced filtration systems, protection 632 
measures during conveyance of in-pram babies) and control between the source and the 633 
receptor (e.g., dilution of air pollutants). The alternative exposure mitigation solutions such as 634 
community empowerment (e.g., behavioural and lifestyle changes) and public policy 635 
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instruments (e.g., congestion charging scheme and low emissions zone) were also discussed 636 
as mitigation options. The following conclusions are drawn: 637 
 The traffic emissions on the roadside environments are dominated by toxic metals and 638 
their exposure to in-pram babies can damage frontal lobe, cognitive abilities and brain 639 
development.  640 
 The classification of baby prams pointed out the breathing height of in-pram babies vary 641 
between 0.55 m and 0.85 m above the ground level and they could receive up to ~60% 642 
higher exposure than adults. This is because of the air pollutant concentrations within the 643 
first 1m above the road level where the taipipe of road vehicles usually lie. Therefore, 644 
this height zone is critical for exposure assessment of in-pram babies.  645 
 The factors such as meteorological conditions (e.g., wind speed and direction), the built-646 
up features along the roadside and traffic volume crucially affect the dilution, dispersion 647 
and exposure of pollutants to in-pram babies.  648 
 Passive control strategies for pollution control between source and receptor such as 649 
facemask and physical barriers in the form of roadside green barriers have the potential 650 
to positively influence the exposure concentrations of in-pram babies.  651 
 The community empowerment initiatives can lead to an increase in awareness levels of 652 
the parents about sustainable lifestyles and behavioural choices such as choosing an 653 
effective mode and route of transport while commuting with their babies in prams. 654 
 The legislative authorities could play a positive role in developing and enforcing public 655 
policy instruments that are most effectively tailored to meet the public needs. 656 
 Finally, an integrated exposure mitigation framework combining technology, public-657 
policy and community engagement strategies could be an efficient means for an all-658 
around exposure control of in-pram babies. 659 
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A number of studies have assessed the exposure of young children but only a handful have 660 
focused on in-pram babies. There is clearly a need for further studies to develop diverse 661 
datasets for in-pram babies’ exposure. The future research on passive mitigation of personal 662 
exposures of in-pram babies should be targeted to better understand the dispersion and flow 663 
of pollutants around the in-pram babies and reducing the uncertainties of their air pollution 664 
exposure. More experimental studies are needed to build an exposure profiling database in 665 
diverse roadside and traffic environments.  Further research is also needed to understand the 666 
impact of community empowerment and public policy instruments in mitigating these young 667 
children’s exposure to air pollution.  668 
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Figure 1. Simplified classification of various baby transport systems by the number of 1190 
wheels (three versus four wheeler) and seating capacity (single versus double occupancy).  1191 
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 1192 
Figure 2. The mean exposure concentrations of PM2.5, UFP and NO2 of in-pram babies and 1193 
adults.   1194 
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 1195 
Figure 3. Simplified schematic diagram showing (a) near and main/far wake regions behind 1196 
an on-road car; adapted from Carpentieri et al. (2011); and (b) the flow pattern around a baby 1197 
pram and an adult carrying a baby pram at the footpath.  1198 
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 1199 
 1200 
Figure 4. Role of various actors in designing and implementing strategies for mitigation of 1201 
air pollution exposure to in-pram babies.  1202 
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List of Tables 1203 
Table 1. Summary of relevant studies assessing personal exposure of children/babies to PM, 1204 
UFP, BC and NOx.   1205 
Study details 
Pollutants 
measured 
Instruments 
 
City (Country); 
Distance travelled 
in kilometre (time 
in minutes) 
      Key Findings 
Author 
(year) 
Quantified 
exposure of in-
pram babies to 
airborne 
particles and 
assessed 
specific 
contribution of 
traffic 
intersections, 
and bus stand 
(during 
morning drop-
in 
and afternoon 
pick-up). 
 PM2.5, PM1, 
PNC 
 
GRIMM EDM 
107; 
P-Trak 8525 
(TSI Inc.); 
Dylos DC1700 
(Dylos Corp.); 
EDS and SEM 
Analysis with 
JEOL SEM 
(model JSM-
7100F, 
Japan) 
Guildford (U.K);  
87 (1159±74) 
   PM2.5, PM1 and PNC 
concentrations were 47, 
31 and 31% higher 
during the morning runs 
than those during the 
afternoon hours due to 
higher traffic emissions 
during the morning Peak 
hours. 
   Coarse particles 70% 
higher in the afternoons. 
  Traffic intersections 
found to be hotspots of 
enhanced exposure for 
PM2.5-10 and PNC 
concentration. 
Kumar et al. 
(2017) 
Studied 
differences in 
child versus 
adult exposure 
to traffic-
related NO2 in 
urban roadside 
environment.  
NO2 
PDTs (Passive 
diffusion tubes) 
Edinburgh (U.K); 
Not Reported1 
 
   The NO2 concentrations 
at the height of children 
breathing zone (0.8m) 
higher (5-15%) in 
comparison with the 
NO2 concentrations at 
the adult breathing zone 
(2.0 m).  
Kenagy et al. 
(2016) 
Determined 
personal 
exposure of 
school children 
and compared 
results from 
personal 
monitoring 
versus fixed 
stations (school 
(indoor; 
outdoor), and 
urban 
background. 
BC 
BC: MicroAeth 
AE51; Multi 
Angle 
Absorption 
Photometer 
(MAAP Thermo 
ESM Andersen 
Instruments) 
 
 
 
Barcelona 
(Spain); 
Not Reported1,2 
 
 
 
    Personal BC 
concentrations 20% 
higher than in fixed 
stations at schools. 
    Indoor environments 
(classroom and home) 
contributed to 56% BC 
dose. 
Rivas et al. 
(2016) 
Measurements 
at adult and 
buggy heights 
on 3 different 
routes. 
PM2.5 
PM2.5: SidePak 
AM510 (TSI 
Inc.) with 
PM2.5 impactor 
 
Edinburgh 
(U.K); 
Not 
Reported1 
(6480) 
   Children in buggies not 
exposed to higher PM2.5 
concentrations than 
adults pushing the 
buggy. 
 
Galea et al. (2014a) 
 
Measurements 
at buggy height 
(0.55m) and 
adult pedestrian 
(1.70 m) on 3 
different 
walking routes. 
UFP (20-
1000 nm) 
UFP: P-TRAK 
8525 (TSI Inc.) 
Barcelona 
(Spain); 20 (1200) 
   Infants in strollers in 
urban areas more 
exposed to air pollution 
than walking adults. 
Garcia-Algar et al. 
(2015) 
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Assessed 
impact of 
traffic 
emissions on 
air quality in 
schools. 
PM2.5, PM2.5 
Component 
(BC; 
organic 
carbon, OC; 
elemental 
carbon, EC), 
UFP, NO2 
PM2.5: High 
volume sampler 
MCV CAV-
A/mb 
 
BC: MicroAeth 
AE51 
 
UFP: DiSCmini 
 
 
 
 
Barcelona 
(Spain); Not 
Reported1 
(71,040) 
 
 
   Outdoor PM2.5 levels at 
schools almost double 
the usual background 
levels reported for 
Barcelona. 
   Outdoor levels of UFPs 
and NO2 are higher than 
indoors. 
Rivas et al. 
(2014) 
Exposure 
assessment of 
children in 
relation to 
UFPs and BC 
BC, UFP 
(10-300 nm) 
UFP: 
NanoTracer 
(Philips) 
BC: 
MicroAethalom
eter AE51 
(Magee 
Scientific) 
Particle number 
size distribution 
mode: SMPS 
3936, (TSI Inc.) 
Total particle 
number 
concentration: 
CPC 3775 (TSI 
Inc.) 
Casino (Italy);  
Not Reported1 
   The study found that 
transportation and 
cooking/eating time 
made significant 
contributions to the 
children’s daily dose, 
despite their negligible 
contribution to the daily 
time-activity pattern. 
 
Buonanno et al. 
(2013) 
Child on a 
bicycle with a 
child trailer 
(measurements 
at different 
heights) in 
different 
routes 
UFP (10-
700 nm) 
UFP: DiSCmini 
(Matter 
Aerosol) 
Zurich 
(Switzerland); 
Not Reported2 
 Near a busy road, the 
number concentration of 
UFP can reach 
50,000/cm3 and a child 
will hence inhale about 
2.5x108 particles per 
minute. 
 The exposure to ultrafine 
particles is mostly 
underestimated with 
current measurement 
methods using mass 
concentration. 
 Due to the lack of 
compulsory registration 
and regulation, the actual 
exposure to particles in 
the nano-range remains 
unclear to date. 
 
Burtscher and 
Schüepp (2012) 
Measurements 
at different 
heights near a 
roadway 
PM (mass 
and particle 
number 
counts; 1-
1000 nm), 
CO, CO2, 
NOx 
UFP, PM1: Fast 
response 
particle 
spectrometer 
(Cambustion 
DS500) 
CO/CO2: 
Horiba AIA-200 
NOx: 
EcoPhysics 
CLD-822 
Morgantown 
(West Virginia, 
USA); 
Not Reported1 
   The study revealed that 
children, infants, or 
people breathing at 
heights similar to that of 
a passing vehicle's 
tailpipe may be exposed 
to higher concentrations 
of particulate matter 
than those breathing at 
higher locations, such 
as adults standing up. 
Buzzard et al. 
(2009) 
 
All 29 133 
children in 
grades one 
through nine 
(aged 7 to 15 
years) residing 
and attending 
NOx 
Multilevel 
models, 
AERMOD air 
pollution model 
 
Malmö (Sweden); 
Not Reported2,3 
 Neighbourhood 
socioeconomic status 
better predicted the 
nitrogen dioxide 
exposure of children 
than the socioeconomic 
status of their building 
Chaix et al. (2006) 
 
47 
 
school in 
Malmö, 
Sweden, in 
2001 
of residence.  
 Exposure to NO2 at the 
place of residence and 
school of attendance 
regularly increased as 
the socioeconomic 
status of a child’s 
neighbourhood of 
residence decreased. 
1
Measurements done at the predefined stationary monitory station; 
2
Recorded personal exposure 1206 
assessment of children through time activity diary and measurements; 
3
Data obtained through 1207 
modelling.  1208 
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Table 2.  Classification of a typical baby travel system. Note that the classification below is 1209 
based on the review of the pram specifications available at different baby pram manufactures. 1210 
Classification of babies travel system 
Age group 
of babies 
Specifications of baby pram 
(weight; width; handle height) 
Foldable/ 
Detachable/
Convertible 
to travel 
System 
Number of 
wheels in 
transport 
method 
Typical pram categories 
 
 
 
 
 
 
 
 
 
3-wheeler 
Three-wheel pushchair types
1,2,13
: 
 
 
 
0-5 
years 
 
 
Weight = 12.9 kg 
Height = 92.5-123.5 cm 
Width= 63cm 
 
 
 
 
 
 
 
 
 
Foldable 
a) All-terrain pushchairs1 
(ATPs) 
b) Urban Three wheelers2  0-4 
years 
Weight = 7.6 kg  
Height = 59-106 cm  
Width = 58cm 
c) Three-wheel twin push chair3  0-4 
years 
Weight=12kg 
Height = 71-115 cm  
Width=62 cm 
d) Twin or tandem 3-wheelers 0-5 
years 
Weight=14-15 kg  
Height = 76 - 124 cm 
Width = 63-77 cm  
4-wheeler 
 
Pram
7
  
0 - 3 years 
Weight = 9-14 kg 
Height = 89 cm to 104 cm 
Width = 59 cm 
Foldable; 
Detachable 
Stroller
1,6,17,18 
 
0 - 3 years 
 
Weight = 5.9-11 kg 
Height = 103 cm 
Width = 59.4 - 82 cm 
Foldable 
Double Buggy  
(Side by Side)
1
 
0 - 4 years 
Weight = 13-15.5 kg 
Height = 79-114 cm 
Width = 63-78 cm 
Foldable; 
Detachable; 
Convertible 
Double Buggy: (Back to 
Back)
2,14 0 - 5 years 
Weight = 17.5 kg 
Height = 88-98 cm 
Width = 59 cm  
Foldable; 
Detachable; 
Convertible 
Double Buggy: 
(Stacked Opposite)
15,16 0 - 8 years 
Weight = 15-19 kg 
Height = 95-105 cm 
Width = 60 cm 
Foldable; 
Detachable 
Duel Tandem (Stacked 
Parallel)
2,6,9 0 - 3 years 
Weight = 11.5 - 19.5 kg 
Height = 89 – 104 cm 
Width = 65.5 cm 
Foldable; 
Detachable; 
Convertible 
Travel Systems
8,9,10,11, 12 
 
0.5 - 1 year 
 
Weight = 3.9 kg 
Height = 103 - 109 cm 
Width = 56 - 60 cm 
Detachable 
 1211 
Data Sources: 
1
Mountain Buggy (2017); 
2
Williams (2017a); 
3
Britax (2017); 
4
Lauren (2017a); 
5
Lauren (2017b); 1212 
6
Buggy Baby (2017); 
7
John Lewis (2017a); 
8
John Lewis (2017b); 
9
Image Forkids (2017); 
10
Kiddi Care (2017); 1213 
11
Twins UK (2017); 
12
Mother Care UK (2017); 
13
(Williams, 2017b); 
14
Made For Mums (2017); 
15
iCandy 1214 
(2017);
16
Baby Boom2000 (2017); 
17
Joyrus (2017); 
18
Mother Care UK (2016)  1215 
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Table 3. Summary of exposure concentration studies for babies and adults.  1216 
Measurement time 
(pollutant 
measured) 
 
Mean 
concentration 
of in-pram 
babies (μg m-
3
) 
Mean 
concentration 
of adults (μg 
m
-3
) 
Percent difference in 
pollutant concentration 
 
Author 
(Year) 
Morning 
(PM2.5) 
10-36 10-46 
 
5% significantly lower 
than adults 
 
 
Kumar et 
al. (2017) 
 
Afternoon  
(PM2.5) 
9- 20 8-17 
 
10% higher for babies 
than adults 
NO2  57 52 
 
5-15% for children 
breathing height (0.8 m) 
than that of adult 
breathing height (2 m). 
Kenagy et 
al. (2016) 
 
UFPs (# cm
-3
)* 
 
4.82±2.53 
×10
4
  
4.31 ± 2.25 
×10
4
  
 
10% higher at the height 
of in pram babies (0.55 m) 
than the height of adults 
(1.70 m) 
Garcia-
Algar et 
al. (2015) 
PM2.5 
 
199 
 
 
125 
 
 
59% higher at the height 
of baby in a stroller (0.85 
m) than the height of adult 
(1.65 m) 
Buzzard 
et al. 
(2009) 
*UFP size range measured was 0.02 to 0.1 μm. 1217 
  1218 
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Table 4. Summary of after-treatment technologies for mitigation of PMx and NOx emissions 1219 
from mobile sources.  1220 
Pollutant 
Mitigation 
Technology 
Methodology 
% Filtration     
Efficiency 
Reference 
PMx 
(PM2.5, 
PM10) 
In-cylinder 
diesel PM 
control 
 Understanding of the diesel 
combustion process and the factors 
affecting pollutant formation and 
destruction in the cylinder. 
 Minimizing injection nozzle sac 
volume and oil consumption. 
 Turbocharging 
 Compressed-charge air with 
aftercoolers 
 Retarded timing by increasing the fuel 
injection pressure and injection rate. 
 Optimizing in-cylinder air motion 
through changes in combustion 
chamber geometry and intake air swirl 
to provide adequate mixing at low 
speeds. 
>80% 
Faiz et al. 
(1996) 
Diesel 
oxidation 
catalysts 
(DOCs) 
 Chemical oxidation 
 Consists of a stainless-steel canister 
that contains a honeycomb structure 
called a substrate 
 25-50% 
(PMx by 
mass) 
MECA 
(2007) 
Diesel 
particulate 
filters (DPFs) 
 Flow-through filters (FTFs) and wall-
flow designs 
 FTFs utilize catalysed metal wire 
mesh structures or tortuous flow, 
metal foil-based substrates with 
sintered metal sheets 
 Filtration of exhaust from the engine 
via active and passive and 
regeneration strategies 
 FTFs (30- 
75%) 
 Wall flow 
design 
(90%) 
 Highly 
Efficiency 
DPF’s can 
reduce up 
to 99.99 % 
of BC 
MECA 
(2007) 
Closed 
crankcase 
ventilation 
(CCV) 
 Replaceable Multi-stage filter 
designed to collect, coalesce and 
recirculates emitted lube oil 
 Installs on the crankcase vent 
 > 90% 
MECA 
(2007) 
NOx 
Modifying 
Engine 
Design 
 Compressed-charge air with 
aftercoolers 
 Retarding fuel injection timing over 
most of the speed-load range (Note* a 
flexible timing system minimizes the 
adverse effects of retarded timing on 
smoke) 
 Recirculating exhaust gas under light-
load conditions 
 50-70% 
Faiz et al. 
(1996) 
Exhaust gas 
recirculation 
(EGR) 
 Dilute intake air with some fraction of 
exhaust gas to the combustion 
temperatures 
 50 % 
 
 
 54% 
MECA 
(2007) 
 
Johnson 
51 
 
(2001) 
Selective 
catalytic 
reduction 
(SCR) 
 Uses urea as a reducing agent 
 75-90% 
 
 
 83-88% 
MECA 
(2007) 
 
Johnson 
(2001) 
Lean NOx 
catalysts 
(LNCs) 
 Uses hydrocarbons as reductant via 
injection 
 
 10-40% 
 
 
 20% 
MECA 
(2007) 
 
Faiz et al. 
(1996) 
Lean NOx 
traps 
(LNTs)/NOx 
Adsorber 
Catalysts 
 Traps NOx as on the substrate and 
uses on-board fuel injection 
technology 
 80% 
 
 
 80-90% 
 
MECA 
(2007) 
 
Johnson 
(2004) 
 1221 
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Table 5. Predominant deposition mechanisms for PM2.5-10, PM2.5, UFP (adapted from 1223 
Topmiller and Dunn, 2013).  1224 
 1225 
Process 
Types 
 
Description PM2.5-10 PM2.5 UFP Reference 
 
Diffusion 
 
  
No Yes Yes 
Colbeck (2014); 
Hinds (1999) 
 
 
Interception 
 
 
 
 
 
No Yes No 
Kravchik et al. 
(1996);  
Hinds (1999) 
Inertial 
Impaction 
 
No Yes No 
 
Kravchik et al. 
(1996);  
Hinds (1999) 
 
 
 
 
Gravitational 
Settling 
 
 
 
 
 
 
 
 
 
Yes No No 
Colbeck (2014); 
Hinds (1999) 
 
 
Electrostatic 
Attraction  
 
 
No Yes Yes 
Ardkapan et al. 
(2014);  
Colbeck (2014); 
Hinds (1999); 
 1226 
  1227 
FIBER 
Particle 
Terminal 
Velocity 
Particle Settling 
Velocity 
+ 
_ 
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Table 6. Summary of air pollution filtration technologies for passive control of PMx and NOx 1228 
at receptors.  1229 
Pollutant  
(Size Range) 
Filtration 
Technology 
Description 
Filtration 
Efficiency (E) 
#
 (%) 
Reference 
 PMx  
(1-100 µm) 
 
Commercially 
available dust 
masks  
 
Compared filter performance of a 
representative selection 
of uncertified dust masks relative to 
the filter performance of a set of 
NIOSH
a
 approved N95 filtering 
FFR
b
 
 25-97 
Ramirez 
and 
O'Shaugh
nessy 
(2017) 
PMx  
(0.3-2.5µm) 
Light-weight Silk 
Fibroin (SF) 
nanofiber 
membrane 
 
Fabricated Silk Fibroin (SF) 
nanofiber membrane-based filter 
through electrospinning for PM2.5 
and submicron particles.  
 98.8% (PM2.5) 
 96.2% (PM0.3) 
Wang et 
al. (2016) 
PMx (≤0.3µm) 
3-layer Carbon 
nanotubes (CNTs) 
integrated 
nanofiber aerosol 
filters 
Assessed the efficiency of novel 
filters by drawing aligned CNTs 
sheets and embedding them 
between polypropylene melt-blown 
nonwoven fabrics using 
calendaring. 
 99.98% 
Yildiz and 
Bradford 
(2013) 
PMx (≤0.3µm) 
Integrated 
PSU/PAN/PA-6) 
air filter 
Fabricated a highly integrated 
polysulfone/polyacrylonitrile/polya
mide-6 (PSU/PAN/PA-6) air filter 
for multilevel physical sieving 
airborne particles via sequential 
electrospinning 
 99.992% 
Zhang et 
al. (2016) 
PMx (≤ 2.5 µm) 
Electrospun PAN 
nanofibers 
 
Developed an innovative low 
weight, highly efficient polymer 
nanofibre filtration technology with 
virtuous optical transparency and 
low resistance to air flow. 
 
 95-100% 
(PM2.5) 
(Particles with 
Mass 
concentration > 
250 µg/m
3
 and 
transmittance of 
75%) 
Liu et al. 
(2015) 
 
A robust efficient 
air filter via direct 
electrospinning of 
polymer fibers  
 
Demonstrated a fast and large-scale 
transfer method of electrospun 
nanofiber film production which 
can be utilized in commercial filter 
products. 
 99.97% PM2.5  
removal @ 73%  
transmittance 
Xu et al. 
(2016) 
Functionalized 
and high-efficient, 
antibacterial air 
filters with ZnO 
nanorods 
The ZnO NRs are grown on the 
seeding layer of ZnO particulates 
deposited on an expanded 
polytetrafluoroethylene (ePTFE) 
using the atomic layer deposition 
(ALD) technique. 
 
 99.9999% dust 
filtration 
efficiency with 
low-pressure 
drops 
Zhong et 
al. (2015) 
NOx 
 
Photocatalytic 
Oxidation (PCO) 
Brief Description:  
Application of 
titanium dioxide 
(TiO2) as a 
photocatalytic 
material on 
Analysed the performance of TiO2 
application as an effective air 
purifying technique for urban and 
interurban streets and roads. 
 The efficiency 
of photocatalyst 
depends on 
amount of TiO2 
on the surface of 
the material and 
access to 
sunlight 
Beeldens 
(2006) 
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pavement surfaces 
or on the building 
surfaces in 
cementitious 
materials) 
Indoor Air 
Pollutants 
(volatile 
organic 
compounds; 
VOCs); 
airborne 
pathogenic 
micro-
organisms) 
Determined the 
efficiency of 
photocatalytic 
(PCO) reactor 
through the 
ultraviolet (UV) 
radiation profile 
and the 
interaction of 
convection, 
diffusion, and the 
reaction of the 
contaminant. 
Developed a combined single 
channel 3-dimensional model to 
illustrate the efficacy of a titania-
coated honeycomb monolith PCO 
reactor for air purification through 
the application of convection-
diffusion-reaction simultaneously in 
single monolith channel. 
 
 Single channel 
convection-
diffusion-
reaction model 
is identified as a 
superior 
technique for 
assessing the 
performance of 
a honeycomb 
monolith PCO 
reactor for air 
purification. 
Hossain et 
al. (1999) 
#
Filtration efficiency of a medium is defined as the ratio of the number concentration (or, mass 1230 
concentration) of particles retained by the filter to that of the total number concentration (or, mass 1231 
concentration) of particles entering the medium (Hinds, 2012); 
a
National Institute for Occupational 1232 
Safety and Health (NIOSH); 
b
FFR : Filtering Facepiece Respirator  1233 
